Abstract-The heating neutral beam (HNB) systems at ITER are designed to inject a total of 33 MW of either 1 MeV D 0 or 870 keV H 0 beams into the ITER plasma using two injectors with a possible addition of a third injector later to increase the injected power to ~50 MW. The injectors become radioactive due to the neutron flux from ITER and, in order to avoid the resulting complex remote maintenance, the design, choice of materials and the manufacturing process of each component of the injector is, wherever possible, such that they survive the life time of ITER. To ensure a smooth operational phase of neutral beams at ITER a neutral beam test facility (NBTF) is under construction at Consorzio RFX, Padova, (hereinafter referred to as RFX), which consists of 2 test beds, the 100 kV "SPIDER", and a 1 MV "MITICA" facilities, which will be used to optimize the source operation for H and D beams. MITICA is essentially a full scale ITER prototype injector for the ITER beam parameters. The manufacturing and operation of the facility will allow validation of the operational space of the injectors and provide valuable information about the manufacturing processes applicable to HNB components. Operation of the two facilities is expected to begin in 2016 and 2019 respectively. Currently experiments on the ELISE facility with a half ITER sized RF beam source are underway. ITER relevant parameters for the H beams have almost been achieved. Efforts are underway to optimise the same with D beams. The experimental database from ELISE will be an important input for establishing the ITER relevant parameter space on the SPIDER source. This paper discusses the present status of the design and development of the injectors for ITER and the progress on the test facilities.
I. INTRODUCTION
ITER uses a mix of auxiliary devices like the electron cyclotron (EC), ion cyclotron (IC) and neutral beam (NB) [1] for fulfilling the various requirements of heating, current drive, plasma rotation, current profile control, impurity control and MHD control. The roles envisaged for neutral beams are heating, current drive and plasma rotation. In addition there also exists a diagnostic neutral beam (DNB) to diagnose the He ash content using the charge exchange resonance spectroscopy technique.
Over the years neutral beam systems with single or multiple ion sources, with different extraction areas and a wide variety of multi grid extractor and accelerator systems have been successfully used on various tokamaks and stellarators worldwide to achieve the above roles. However the ITER heating neutral beam (HNB) system is different from existing ones in terms of its beam requirements, dimensions and configuration. Coupled to this is the fact that at ITER these systems will operate in a hostile radiation environment which makes the systems radioactive and hands-on maintenance difficult. As a result the requirements of the various components have not only to be conceived and implemented from their functionality point of view but also have to take into account safety aspects and they are designed to have extremely low failure rates over the 20 year life time of ITER. These considerations apply to many aspects of the design, choice of materials and manufacturing techniques. Taking these challenges into account, the roadmap to a timely and successful delivery of neutral beam systems to ITER requires a rigorous R&D programme, which is being pursued at test beds under the aegis of the European and Japanese domestic agencies (EUDA and JADA). This program is not only to establish the manufacturing route of complex components meeting the ITER desired quality standards but also to establish the design in terms of its performance and beam delivery goals. This paper describes, in brief, various aspects of R&D at the component level and for the system as a whole in order to make the reader aware of the present status of the progress on neutral beams. Figure 1 shows the layout of the HNB beam line in the ITER NB cell. At present two beam lines are coupled to the two equatorial ports. An additional port is reserved port for a third HNB as a future upgrade. The HNB-1 beamline has a 978-1-4799-8264-6/15/$31.00 ©2015 IEEE *The four vertically stacked grid segments that make up each grid of the HNB extractor and accelerator have the beamlets within each segment aimed in the vertical direction at infinity, but the segments are aimed in the vertical direction so that they coincide on the beam axis at 25.5 m from the accelerator.
II. HNB LAYOUT AND SPECIFICATIONS
16.5 MW will be injected into the ITER tokamak, but 40 MW of ion power is launched from the beam source. The loss of power during its transport from the source to the duct opening located at a distance of 25.5 m from the grounded grid is due to 56% neutralization efficiency, finite divergence of the beamlets, presence of a beam "halo" (assumed to carry 15% of the accelerated ion power) with an assumed divergence of 30 mrad, assembly tolerances and misalignments, and reionisation of the neutral beam due to interactions with the background gas in the beam line and the duct between the injector and the tokamak. All these effects have been taken into account in the physics design of the system. Figure 2 shows the layout of one of the HNBs. The ion source and the beam line components (BLCs) i.e. the electron dump and the neutralizer, the residual ion dump, the calorimeter, the exit scraper and the cryopumps are installed in two connected vacuum vessels, the beam source vessel (BSV) and the beam line vessel (BLV) which in turn are connected to the front end components (FEC) i.e. the fast shutter, absolute valve, drift duct bellow, vacuum vessel suppression system box (VVPSS box), connecting duct with its liner and the 6 m long duct which contains several duct liner panels (DL 
III. PRESENT STATUS

A. Status of the physics design calculations 1) Design of the front end components and duct liner
In addition to the BLC's, beam power is incident on the FEC and DL of each of the 2 beam lines. It is necessary to calculate the incident power and power densities on each of the component surfaces in order to establish a working mechanical design of these components. In addition to direct beam interception, additional heat loads arise from interception of reionised beam atoms. The reionised particles "see" the magnetic fields from ITER which change with the changing operating scenario. The ions are deflected by the magnetic field onto surfaces within the neutral beam duct. Power densities from the reionised ions are higher than those due to the direct interception because of focusing effects due to the variation in the magnetic fields. Calculation of the power and the power densities requires the knowledge of the operational gas profile and the magnetic fields along the beam line for the foreseen ITER operating scenarios. To calculate the gas profiles the MCGF code from the Russian Federation [2] has been modified to take into account all the gas sources, i.e. gas from the ion source, the neutralizer, the tokamak, the adsorbed gas molecules released from the surface of the components and the duct when beam is incident on those surfaces, and, in the case of HNB 1, gas from the DNB. The calculated gas profiles for the HNB 1 beam line, shown in Figure 3 , give a reionsation loss of ~8% for all the operational scenarios from the entry of the residual ion dump to the duct exit. The reionisation cross sections used for these calculations are those from the ORNL red book, increased by 30% to take account of the uncertainty in the cross section values. Calculations have been carried out using the BTR code [3] from the Russian federation for various beam divergences, misalignments and beam tilting angles using the gas profiles and reionisation cross sections mentioned above. The worst case estimates [4] , see figure 4 , for each of the component surface form the basis of the mechanical design of the FEC and the DL.
2) Multi grid multi aperture accelerator of the beam source
An optimal design of the accelerator system to be coupled to the beam source is necessary to produce beams with the characteristics required by the design of the HNBs, as given in Table I . Based on experimental studies a multi grid multi aperture (MAMuG) accelerator system has been chosen over the alternative single gap, single aperture (SINGAP) accelerator system. The MAMuG is a 7 grid system consisting of a plasma grid (PG), an extraction grid (EG), 4 acceleration grids (AG1 to AG4) and the grounded (GG) grid. There are 5 acceleration stages of ≈200 kV all with 88 mm gaps. The PG-EG gap is 6 mm. Each grid is an assembly of 4 segments arranged vertically with each segment having 4 beam groups. The apertures within each of the 16 beam groups are arranged in a rectangular 5 x 16 matrix for a total of 1280 apertures. Besides optimization of aperture shapes, distances and voltages, the accelerator design has also considered the effects due to magnetic fields from the ion source, the electron suppression magnets embedded in the extraction grid, and the permanent magnets embedded in the acceleration grids that help distribute the power to the grids from secondary electrons. The PG filter field [5] is produced by a combination of currents flowing through the PG and return bus bars so as to have an optimal ∫Bdl in the source whilst having a minimal field in the RF driver plus a long range field of ≈1 mT in the accelerator.
In addition are the effects of space charge repulsion between beamlets within a beamlet group and the interaction between neighbouring beamlet groups which must be taken into account. Further, optimal beamlet steering is required for good transmission to the ITER plasma. The requirements include geometrical aiming of beamlet groups in the vertical and horizontal directions to the exit of the neutral beam duct and the aiming of beamlets within each group horizontally at the horizontal centre of the exit of the appropriate channel in the RID. Extensive design calculations, done in a collaboration between RFX, CEA and ITER IO, have led to the final configuration of the accelerator [6, 12] . The beamlet deflection due to the permanent magnets in the extraction grid is compensated by a novel concept which uses a vertical array of deflection compensation magnets, which are also embedded in the extraction grid [5] . The effect of the space charge repulsion of the outer most beamlets and between beam groups is overcome by the effective use of "kerbs" on the downstream side of the EG. The horizontal aiming of beam groups is ensured by machining the segments to incline the beamgroups horizontally and the aiming of the beamlets within each beam group is achieved with kerbs mounted on successive acceleration grids. This concept does not lead to a proper aiming of the beamlet 2 and 4 of the 5 horizontal beamlets but the misaiming of ≈1.4 mrad does not lead to any substantial transmission loss. The aiming in the vertical direction is achieved by inclining the segments with respect to the vertical direction. A very important aspect of the design is the control on electrons leaking from the accelerator such that the loads onto the cryopumps are acceptable, i.e. ≈10 kW to the 80 K surfaces and < 200 W to the 6.5 K surfaces. This is done by creating magnetic fields in the extractor and accelerator that deflect the electrons onto the grid. The field is created by a combination of permanent magnets in the EG and AG's and by tuning the PG filter field to create a long range field of ≈1 mT throughout the extractor and accelerator. The dumping of electrons on the grids results in high power loads on the grids. The aperture diameters in AG1 and AG2 are 14 mm and are 16 mm in AG3, AG4 and GG. The result is the increased interception of electrons by AG1 and AG2 and a reduced interception by AG3, AG4 and the GG and the final calculated powers to each of the grids are similar at ≈2 MW. Nevertheless the grid thickness has had to be increased from the original design value of 10 mm to 17 mm to keep the consequent out of plane bending to an acceptable value of ~0.6 mm.
Out of plane bending, aperture misalignments, magnetic field non uniformities and inaccuracy of the magnet locations can cause unwanted steering of individual beamlets. The steering due to aperture displacement have been determined to be 2 mrad /mm for the EG lens and 0.6 mrad/mm for the GG. For the intermediate acceleration grids the apertures do not form electrostatic lenses as the electric fields upstream and downstream the aperture are almost the same. The results of the calculations are summarized in [6] . Recent assessments on the acceptable aperture misalignment by IO have shown that misalignments of ±0.2 mm on the EG apertures and ± 0.5 mm on the GG apertures with respect to the nominal beam axis are acceptable in terms of the ability to predict the beam bending angle from the beam profiles measured on the calorimeter and in obtaining the desired transmission of 16.5 MW/per HNB to Ionisation of background gas mainly by D -and D o creates positive ions that are back accelerated and they impinge on the back plate of the beam source. The Cu back plate needs to be coated with Mo to minimize sputtering by the backstreaming ions and the thickness required to last ITER operational time is calculated to be 1 mm [7] .
B. Present status on the various test beds 1) ELISE, IPP Garching:
The current densities, as required on ITER, have been achieved with single driver based RF negative ion sources, 1/8 th the size of the ITER sources [8] . As an intermediate step before operating the very large ITER source, with 8 drivers, a half sized source with 4 drivers has been set up on the ELISE facility at IPP Garching [9] . The aim of the experiments with that source is to establish the technique of coupling RF power to multiple drivers simultaneously, with 2 drivers fed by a single RF generator as planned for the ITER sources, and to establish the source behavior, plasma and beam parameters for operation with both H and D beams. Operations on the 1 st generation multiple driver source, RADI, pointed to the need of increased diameter RF driver to illuminate the grid areas more uniformly. In order to avoid damages to the Faraday screen among other means electromagnetic shields for each driver separately have been introduced. Figure 5 shows the top view of the ELISE source with 4 drivers and the shields around each driver. The schematic of the ELISE experimental set up is shown in Figure 6 .
Over the past year extensive experiments on this source have been performed, both in the volume and surface production mode with Cs seeding of the ion source, and with both H and D beams. The magnetic filter field in the source is generated by flowing current through PG and a set of return leads that are similar to the concept planned for ITER. It has been observed that tuning the source for H beams with the desired electron to ion ratio is a bit easier and quicker as compared to the single driver sources. However an operational recipe for D beams still needs further investigation as the electron to ion ratio is higher than the desired value and the extracted electron current varies with time. Table II shows the best parameters obtained so far with the ELISE source compared to the ITER requirements. The numbers in the parenthesis in the ITER column point to the parameters for the H beams during the H-H and H-He ITER phases. 
2) PRIMA facility at RFX Padova Italy:
The PRIMA (Padova Research on ITER Megavolt Accelerator) [10] facility (also called the NBTF) is being set up with 2 main aims :
• characterizing a full sized ITER ion source to its desired performance (SPIDER test bed: 100 kV operation H and D beams) [11] • establish a full scale prototype beam line similar to the ITER HNB beam line (MITICA test bed: 1 MV D beams and 870 keV H beams) [12, 13] .
It is envisaged that the design of the MITICA beam line components, their layout, the materials used, and the manufacturing technologies used will be, as far as possible, identical to their HNB counterpart in order to mitigate any risks and establish the route to manufacturing of the components for the HNB. The facility involves a total area of 17,500 m 2 , of which 7,400 m 2 are covered, and the maximum building height, where the injectors are installed, is 26.4 m. The buildings for the PRIMA facility are nearing completion. Besides housing the SPIDER and the MITICA test beds it also has space allocated for auxiliary systems like the power supplies, gas, cryogenics, vacuum and hydraulics. The work organization on Site related to Health and Safety Italian Codes has required the signing of an Agreement for joint client responsibility between Consorzio RFX and EUDA. The Agreement was signed in June 2014. 
a) SPIDER
The SPIDER facility consists of an 8 driver RF negative ion source coupled to a 3 stage accelerator housed in a vacuum vessel along with numerous diagnostics. The diagnostics include Langmuir probes, thermocouples, a carbon tile based calorimeter STRIKE, various optical diagnostics and an Indian domestic agency (INDA) supplied ion dump, which is also instrumented with thermocouples. The contract for the manufacturing of the ion source, the accelerator and the vacuum vessel for the facility is being managed by EUDA with a consortium of companies which include THALES France, CECOM Italy, ZANON Italy and GALVANO-T Germany and their subcontractors. The vacuum vessel, Figure 7 , has been delivered to RFX and the assembly and acceptance tests are underway. The auxiliary systems like the cooling, gas, power supplies and the control and data acquisition system are expected to be assembled by the end of 2015. The various components of the SPIDER beam source are currently under manufacturing with the prototype activities for several parts completed.. The assembly and integration activity of the source in the vacuum vessel along with other related systems is expected to be completed in 2016 followed by the experimental phase. The power supplies for SPIDER are to be procured by EU and INDA with INDA responsible for the acceleration grid power supplies (AGPS), 100 kV DC. Modules, transformers and electronic control cubicles have recently been procured and tested in India as per test procedures mutually agreed between the INDA and IO. Delivery of the same to the PRIMA site is expected in September 2015. The ion source extractor power supplies procured by EU have been delivered at RFX site.
Several experiences that are important for the manufacture of the ITER and the MITICA beam sources have already been made. As an example, the size of the RF transmission lines under vacuum had to be increased to 3 1/8" transmission lines instead of the originally planned 1 5/8 " transmission lines to accommodate the maximum allowable temperature of 150 o C during high power, long pulse, operation. Another important issue is the achievable alignment of the successive apertures between the 3 grids of the accelerator as the actual manufacturing tolerances are becoming known.
b) MITICA
The MITICA facility will house a prototype 1 MV full scale beam line which includes the 8 driver RF negative ion source and the BLC's. Figure 8 shows the cut view of the mechanical design of the MITICA beam source [11, 12] , which takes into account of the results of the calculations mentioned in section III B for the extractor and accelerator, the experimental data from the ELISE test bed and the manufacturing experience on the SPIDER beam source. For example, the thermomechanical calculations under the applicable electron heat loads led to the modification of the cooling channel geometry and increased grid thicknesses. Further, the experience from RADI and ELISE led to the incorporation of the driver electrostatic shields and experience from the manufacturing of the SPIDER ion source led to modifications to the design of the plasma box. Also incorporated is the 1 mm thick layer of Mo coating on the source back plate and the faraday shield back plate based on the results of the physics calculations mentioned in section III B.
The design of the beam line components has also been finalized and reviewed at ITER. These include the neutralizer and electron dump, the residual ion dump, the calorimeter and the exit scraper. Detailed thermo-mechanical design calculations using the heat loads calculated using the BTR code have helped to finalise the flow parameters of the cooling water required for these components, and to assess the mechanical stresses and out of plane or in plane bending of the various components. The design has also been assessed for off normal conditions which include several load cases, like the loss of coolant, loss of vacuum, loss of voltage, seismic events etc., either individually or in combination.
Structural Design Criterion for ITER invessel Components, SDC-IC, verifications have been carried out on the all the components of the source and the BLCs to ensure that survival of the component under cyclic loading for the full ITER life time. In addition the reliability, availability, maintainability and inspectability (RAMI) analysis [14] has been carried out on each of the component to ensure that all the components will function reliably and be available during the ITER life time. The technical specifications related to the manufacture of MITICA beam source have been finalized by RFX and the call for tender is expected to be launched in 2015.
By the end of 2015 all the tenders will be launched and most procurements assigned. The contract for the manufacture of the MITICA vacuum vessel has been awarded.
The installation phase of the first MITICA components, i.e. transmission line and high voltage power supplies components will start in December 2015 and will continue until spring 2017. This will be followed by the integrated commissioning of all plant and interlocks with data acquisition and control system and by the PS integrated tests. The MITICA beam source will be installed in 2019, followed by the first experimental phase For the MITICA test bed the power supply procurement is shared between EUDA and the 
C. Prototype development
Successful development of several prototypes has been carried out to verify the design and establish the manufacturing of different components for the planned facilities. Experience from these is being utilized extensively in defining the technical specification documents for each of the components. The prototype developments performed by RFX include high voltage post insulators for the accelerator and the source, dissimilar metal jointing techniques, deep drilling over 2 m lengths, swirl tape insertion and fixation in the tubes for the calorimeter panels. The manufacturing of the 1.6 m diameter ceramic rings for the HV bushing and prototype developments related to the HV shields to be used in the bushing are some of the successful prototype activities carried out by JADA.
D. Front end components and duct liner
Detailed design for the FEC's along with the BLV, BSV, PMS and ACCC have been developed and the preliminary design review completed. The procurement arrangements for these components are expected to be signed in early 2016; the components will be procured by EUDA. The built to print design for the the Exit Scraper and the VVPSS box has been developed which will be procured by the INDA. The study of the absolute valve, to be procured by EUDA, is on-going at VAT with the final design review expected in late 2016. The final design review for the duct liner has been completed recently and the complete CAD model and the 2D drawings are expected by the end of 2015. The design finalization of all these components has once again used the results of extensive calculations mentioned in section III A above. It may be noted that the design of these components has also satisfied the SDC-IC criterion under various load conditions. Besides, as mentioned above, RAMI analysis has also been carried out to verify the design of each of these components.
E. Nuclear Safety requirements
Detailed calculations related to the nuclear analysis of the NB cell have been carried out to map the dose rates in the different regions of the cell. In order to achieve the acceptable level of the shutdown dose rate of <100 μSv/hr in all areas where the human access is foreseen, the design of the passive magnetic shields has been modified by filling the interspace between the shields with 10 cm thick polyethylene and by shielding external faces with 1 -2.5 cm thick lead.
IV. SUMMARY
The present status of the physics and design activities related to the development of the HNB for ITER has been described in brief. Also described is the status of the experiments at the ELISE test facility and the design, construction, procurement, setting up and testing activities for the SPIDER and MITICA test beds at the PRIMA facility. The experimental experience from the test beds is expected to shorten significantly the commissioning time of the injectors on ITER. Also, because the test beds will have many more diagnostics than can be installed in the injectors on ITER, the operational limits of all aspects of the system be better determined than will be possible from operations at ITER. That should allow operation at higher performance than would otherwise be the case. The authors acknowledge the important contributions made by all the scientists, engineers and technicians whose names are not mentioned in the author list and without whose efforts the reported progress would not have been possible.
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